Introduction
The layer of fluid that flows adjacent to its bounding surface is called the boundary--layer. The boundary-layer flow play vital role in many aspects of fluid mechanics and has been studied extensively. The applications of boundary-layer theory include the calculation of friction drag of a flat plate, a ship, an airfoil, the body of an airplane or a turbine blade, cooling devices etc. Prandtl [1] first introduced the concept of boundary-layer to understand the flow behavior of fluid near a solid boundary. Blasius [2] solved the famous boundary-layer equation for a flat moving plate problem and found a power series solution of the model. In the theory of non-Newtonian fluid this concept was introduced by [3] . A comprehensive literature survey on boundary-layer theory and related topics can be found in the studies of [4] [5] [6] .
In recent years, boundary-layer models include the analysis of heat transfer because these type of processes exist in nature and have industrial applications like heat exchanger, recovery of petroleum resources, fault zones, catalytic reactors, cooling devices, chemical reactions in a reactor chamber, deposition of chemical vapor on surfaces, etc. A detailed literature on forced/natural convection of viscous fluids past their bounding surface can be found in the --------------THERMAL SCIENCE: Year 2018, Vol. 22, No. 1A, pp. 113-124 [7, 8] . Kumari at el. in [9] first investigated the non-Darcian effects on forced convection heat transfer over a flat plate in a highly porous medium. A computational analysis of heat transfer in case of forced convection fluid-flow on a heated flat plate embedded in a porous medium is performed by Luna and Mendez [10] . Khaled and Vafai [11] discussed various flow models in porous medium with applications in biological areas such as diffusion in brain tissues, tissue generation process, blood flow in tumors, bio-heat transfer in tissues, and bio-convection. The interaction of free convection with thermal radiation of a fluid along with moving plate was studied by Makinde [12] . Ibrahim et al. in [13] examined the influence of viscous dissipation and radiation on unsteady, MHD and mixed convection flow of micropolar fluids. The effect of variable thermal conductivity on a flow of power-law fluids over stretching sheet with heat transfer was studied by Datti and Mahesha [14] .
It is revealed from the available literature, researchers extensively studied flow models including heat transfer analysis for different geometries influenced by a number of factors including fluid viscosity, bounding surface characteristics, and external forces, to name a few. Limited attention was given to the slip boundary condition. Wall slip has far-reaching implications on many branches of science, engineering and industry. These include rheometric measurements, material processing, and fluid transportation [15, 16] . These studies provide a reasonable justification to apply the partial slip boundary condition relating to the shear rate at the boundary. Beavers and Joseph [17] first proposed a slip flow condition at the boundary. Since then, there has been a revival of interest in flow problems with slip conditions. In [18] [19] [20] [21] authors employed slip boundary conditions on a forced convective boundary-layer flow with heat and mass transfer of an incompressible fluid past a porous plate embedded in a porous medium.
There are fluids those exhibit complex structures which can not be studied from the theory of Newtonian fluids. The efforts have been directed towards understanding the flow and heat transfer characteristics of non-Newtonian fluids. It is beyond the scope of this work to revisit the vast amount of literature on the boundary-layer flow of different non-Newtonian fluid models. Limited work on the topic can be referred as examples in [22] [23] [24] . The power-law viscosity model of non-Newtonian fluid is one in which the shear stress varies according to a power function of the strain rate. The power-law model is found to be good in representing pseudoplastic behavior of fluids. Acrivos et al. [25] studied the boundary-layer flow of power-law fluid past a horizontal flat plate including heat transfer. Schowalter [26] formulated the two and 3-D boundary-layer equations and found some new solutions for the equations. Andersson et al. [27] examined the boundary-layer flow of electrically conducting power-law fluid in the presence of transverse magnetic field. Recent additions considering flow of non-Newtonian power-law fluid with heat and mass transfer under different physical situations are given by [28] [29] [30] [31] .
In aforementioned investigations, the thermophysical properties of the ambient fluid were assumed to be constant with constant thermal conductivity. However many processes in engineering occur at high temperature and it is well known that these properties may change with temperature. Moreover, knowledge on radiation heat transfer becomes very important for design of reliable equipment, nuclear plants, gas turbines, and various propulsion devices or aircraft, missiles, satellites, and space vehicles. On the basis of these applications, radiation effect on flow and heat transfer problems with variable thermophysical properties has become important industrially. Several publications are available on effect of radiation on flow and heat transfer, see for example [32] [33] [34] [35] .
In this publication, we show that the key parameters like, power-law index, velocity/thermal slip, thermal conductivity and thermal radiation greatly affect the thickness of momentum and thermal boundary-layer. The governing PDE are transformed into a system of non-linear ODE by applying a suitable similarity transformations. These equations are then solved numerically using MATLAB bvp4c solver. The numerical results are discussed for various physical parameters effecting the flow and heat transfer.
Problem statement and mathematical formulation
Consider the steady 2-D laminar flow with heat transfer of an incompressible powerlaw fluid under the influence of magnetic field and thermal radiation, over a semi-infinite porous plate in a porous medium. The applied magnetic field, B, is acting normal to the plate and induced magnetic field is considered negligible as compared to applied magnetic field because the Reynolds number for the flow is taken to be small. The surface of the plate is insulated and admits partial slip condition. The leading edge of the plate is at x = 0 and coincide with the plane y = 0. The temperature of the plate is T w and the flow far away from the plate is uniform and in the direction parallel to the plate. The velocity and temperature far away from the plate are U ∞ and T ∞ , respectively. The geometry of the flow model is given in fig. 1 . The governing equations under boundary-layer approximation for the problem along with the slip boundary conditions can be written:
In previous equations u and v are the velocity components in x-and y-directions, ρ -the fluids density, τxy -the shear stress tensor, A -the permeability, σ -the electrical conductivity, B -the applied magnetic field, T -the temperature, C p -the specific heat, κ -the variable thermal conductivity, q r -the radiative heat flux, L 1 -the velocity slip factor, D 1 -the thermal slip factor, and v w describes suction/blowing through the porous plate. The shear stress component τ xy for the power-law model, as derived by Bird et al. [36] is: where K is the consistency coefficient, and n -the power-law index. In eq. (6) n = 1 represents the Newtonian behavior of the fluid and for n < 1 behavior of the fluid is known as shear-thinning which is categorized by an apparent viscosity which decrease with increase in shear rate. In case of n > 1 fluid behavior is called shear-thickening and characterized by an apparent viscosity which increases with increase in shear rate [37] . Therefore, a single parameter n describes the nature of fluid behavior. Substitution of eq. (6) in eq. (2) gives:
Following Das [35] , we consider the temperature-dependent thermal conductivity and radiative heat flux of the form:
where ε is the thermal conductivity parameter, κ ∞ -the thermal conductivity at ambient temperature, and ∆T = T w − T ∞ , σ * -the Stefan-Boltzmann constant and k * -the mean absorption coefficient. Substitution of eq. (8) into eq. (3) gives:
Method of solution
In this section we transform the system of eqs. (1), (7), and (9) along with the boundary conditions (4)-(5) into a dimensionless form. For this purpose, the dimensionless stream function ψ(x, y) of the form:
identically satisfies the continuity eq. (1). Using eq. (10), eqs. (7) and (9) becomes:
The boundary conditions are likewise transformed into:
, , as
where
 is the velocity slip factor, and
is the thermal slip factor with L and D are the initial values of velocity and thermal slip parameters, respectively. We introduce the following dimensionless similarity variable, η, dimensionless stream function, ψ(η), and dimensionless temperature, θ(η), of the form:
is the generalized Reynolds number. Using eq. (15) into eqs. (11) and (12), we obtain the self-similar system of ODE along with the boundary conditions:
In eqs. (16)- (19), k is the permeability parameter, M -the magnetic parameter, Pr ∞ -the local Prandtl number, Nr -the thermal radiation parameter, S -the suction/blowing parameter corresponds to suction when S > 0, and corresponds to blowing when S < 0. Here δ and β are the dimensionless velocity and thermal slip parameters, respectively. These parameters are further defined: 
The non-linear coupled ODE (16) and (21) together with boundary conditions (18)- (19) are solved numerically using the MATLAB bvp4c solver. In order to use bvp4c, we first convert these equations into a system of first order ODE, that is:
The bvp4c code need an initial guess for q(η) and z(η) at η = 0, and through collocation method we vary each guess until we obtain an appropriate solution for our problem. We verify the accuracy of these solutions by comparing them with those found using shooting method. The result for the velocity profile with M = 0 and n = 1 (i. e. in the absence of MHD and for the case of Newtonian fluids) are compared with the available published results of Bhattacharyya et al. [38] . The comparison is presented in fig. 2 .
Results and discussion
In this section we discuss the numerical results presented in the form of graphs and tables. The computations are performed for several values of power-law index, n, and the effects of velocity slip parameter, δ, thermal slip parameter, β, permeability parameter, k, magnetic parameter, M, suction/injection parameter, S, Prandtl number, variable thermal conductivity, ε, and thermal radiation, Nr, on velocity and temperature profile are discussed.
In fig. 3 the effect of velocity slip parameter, δ, on the velocity profile of Newtonian, shear thinning and shear thickening fluids are presented. The comparison of curves with same power-law index show that the increase in the velocity slip at the boundary, increase the fluid velocity within the boundary-layer. This is due to the positive value of the fluid velocity adjacent to the surface. Moreover, the increase in magnitude of the slip parameter allows more fluid to slip past the plate and accordingly the flow through the boundary-layer will increase.
It is important to note that temperature is dependent on velocity in situations where heat transfer is accomplished by convection, as this principle will also be important for following discussions. In fig. 4 the temperature profile θ(η) is plotted for two different values of velocity slip parameter δ. It is observed that the increase in the magnitude of velocity slip at boundary enhance the rate of heat transfer. fig. 3 , initially the velocity of shear-thinning fluids n < 1 rises fastest, followed by the shear-thickening fluids n > 1, and then the Newtonian fluid n = 1. This is due to smallest effective viscosity of shear thinning fluids at that point. Therefore, shear thinning fluids achieve a higher strain rate and velocity. Whereas at later times the velocity of shear thinning fluids, first decrease below the shear thickening fluids and then the Newtonian fluid. This opposite trend is observed due the decrease in shear stress and increase in the viscosity of the shear thinning fluids. Furthermore, fig. 4 show the thickness of thermal boundary-layer is relatively thin for shear thinning fluid n < 1 (θ approaches zero quickly). However, if n > 1, the boundary-layer is relatively thick.
The effect of thermal slip parameter, β, on temperature profile is presented in fig. 5 . The increase in thermal slip parameter decreased the fluid temperature for a given distance from the plate. This is due to the fluid adjacent to the surface of the plate having temperature lower than that of the plate. Figure 6 illustrates the effect of thermal radiation parameter Nr on temperature profiles. We see that an increase in thermal radiation parameter increase the thickness of thermal boundary-layer. From fig. 6 it is also noticed the thickness of thermal boundary-layer increase with increase in power-law index, n. In fig. 7 effect of variation in permeability on fluid velocity with slip condition is shown. It is noticed that the velocity of the fluid across the boundary-layer increase with increase in the permeability of the porous medium. In other words, the increase in porosity of the medium decrease the magnitude of Darcian body force which enhances the motion of the fluid in the boundary-layer and ultimately decelerates the fluid particles in the porous medium. The partial slip and the effect of variation in permeability on temperature profile is presented in fig. 8 . It is observed that the increase in permeability enhanced the heat transfer rate and decrease the thickness of thermal boundary-layer. fig. 7 , initially the shear-thinning fluid rises faster when compared with the shear-thickening fluid. This is due to smallest effective viscosity of shear thinning fluids. Whereas the opposite trend is observed at the later times as viscosity of the shear thickening fluid will decrease. Moreover, the slip condition at the boundary allows more fluid flow past the plate and decrease the thickness of boundary-layer.
The effects of MHD parameter, M, on fluid velocity and temperature under slip condition is shown in figs. 9 and 10. It is clear that the variation in MHD parameter, M, show the similar effect as variation in permeability parameter k, i. e., the increase in magnetic field causes to increase in velocity of the fluid and the rate of heat transfer.
Figures 11 and 12 depicted the affect of suction/injection parameter, S, on velocity and temperature profiles in the presence of slip condition and magnetic field for porous plate in a porous medium. It is clear from the figures that suction S > 0 caused an increase in fluid velocity as more fluid is sucked through the porous wall and reduce the thickness of momentum boundary-layer. Opposite behavior is observed for S < 0. In case of temperature distribution through the boundary-layer, the thermal boundary-layer thickness decreases with increasing values of S > 0. This will increase the rate of heat transfer through the boundary-layer.
Prandtl number is defined as the ratio of momentum diffusivity to thermal diffusivity. Variation in Prandtl number and its effects on temperature profiles is shown in fig. 13 . It is observed that the temperature of the power-law fluid decrease with increasing values of the Prandtl number under slip condition. This trend is consistent with the fact that increase in Prandtl number will increase the fluid viscosity within the boundary-layer. This will cause a Table 1 presented the nature of skin friction coefficient for different physical parameters. It is observed that the shear thinning fluids have the highest value of skin friction coefficient followed by the Newtonian fluid and then the shear thickening fluids. This is because of the rate of increase in velocity at the surface of porous plate is highest for shear thinning fluids. Moreover, the skin friction coefficient decrease with increase in slip parameter, δ, and increase with increase in magnetic parameter, M, and permeability parameter, k. The increasing values of skin friction coefficient correspond to thinning of velocity boundary-layer. Whereas the decreasing values of skin friction coefficient corresponds to fluid velocity at the surface approaching to free stream velocity.
Nusselt number is the ratio of convective to conductive heat transfer at the surface of the plate. In tab. 2, different values of Nusselt number are presented when all other parameters are kept constant. It is observed that the Nusselt number decrease with increase in power-law index, n. This observation is consistent with the fact that the decrease in surface temperature is slowest for shear thickening fluids. It is noticed from the table that an increase in the permeability parameter, k, magnetic parameter, M, and Prandtl number results in increase of the Nusselt number. Moreover, the increase in the slip parameters δ, β, and the thermal radiation parameter, Nr, has the effect of lowering the Nusselt number. The effect of increase in Nusselt number is analogous to an increase in heat transfer rate and the thinning of thermal boundary-layer.
Conclusion and future work
In this article, we studied the MHD slip flow and heat transfer of power law fluid over a porous flat plate with variable thermal conductivity and thermal radiation. The velocity and thermal slip conditions are employed and thermal conductivity is considered as linear function of temperature. The governing boundary-layer equations along with the boundary conditions were transformed into a coupled system of non-linear ODE using similarity transformation. The resulting system differential equations were solved numerically using MATLAB bvp4c code and results are presented in the form of graphs and tables. We have summarized our results based on the key parameters such as, thermal conductivity parameter, thermal radiation parameter, permeability parameter, velocity and thermal slip pa- rameters, injection and suction parameters, and Prandtl number, along with variation of the power law index n. The present model has exploited a number of simplifications in order to focus on the principal effects of slip parameter and power-law index and temperature dependent thermal conductivity. An interesting area to explore in future investigations would be the use of temperature dependent viscosity, variable porosity, heat flux and convective boundary conditions, multidimensional MHD slip flow, and heat transfer of non-Newtonian fluids, coupled fluid models and structure interactions. Alternatively, the non-linear coupled ODE (16) and (21) together with boundary conditions (18) and (19) can be solved by employing the semianalytical methods [39] . Clearly there is an opportunity for experimental work on these systems.
